Many ecological communities are enormously diverse. Variation in environmental conditions over time and space provides opportunities for temporal and spatial storage effects to operate, potentially promoting species coexistence and biodiversity. While several studies have provided empirical evidence supporting the significance of the temporal storage effect for coexistence, empirical tests of the role of the spatial storage effect are rare. In particular, we know little about how the spatial storage effect contributes to biodiversity over evolutionary timescales. Here, we report the first experimental study on the role of the spatial storage effect in the maintenance of biodiversity in evolving metacommunities, using the bacterium Pseudomonas fluorescens SBW25 as a laboratory model of adaptive radiation. We found that intercommunity spatial heterogeneity promoted phenotypic diversity of P. fluorescens in the presence of dispersal among local communities, by allowing the spatial storage effect to operate. Mechanistically, greater niche differences among P. fluorescens phenotypes arose in metacommunities with intercommunity spatial heterogeneity, facilitating negative frequencydependent selection, and thus, the coexistence among P. fluorescens phenotypes. These results highlight the importance of the spatial storage effect for biodiversity over evolutionary timescales.
Introduction
Adaptive radiation, through which a multitude of species emerge from a single evolutionary lineage, constitutes a major source of biodiversity [1] [2] [3] [4] . Notable examples of adaptive radiation, such as Darwin's finches on the Galapagos Islands [2] , cichlids in the Eastern African lakes [5] , and silverswords on the Hawaiian Islands [6] , are often found in insular habitats where diverse niche opportunities are available for the radiating lineages. Within these lineages, new species emerge rapidly, by using various niche opportunities at the early stage of adaptive radiation [4] . The rapid emergence in biodiversity may then be followed by a slow decline in diversity in the later stage, because of the intensified competition resulting in the exclusion of some of the emergent species (i.e. overshooting dynamics) [7, 8] . In many radiating lineages, however, biodiversity accumulates and approaches an asymptote, without showing a decline [6, 9] . One important question in adaptive radiation remaining today is how the emerged diversity in these radiating lineages is maintained after the ancestors diversify [10 -12] .
A host of ecological theories have been developed to explain species coexistence in local habitats [13 -19] . One theory, which may help answer the aforementioned question, is the theory of the spatial storage effect that explains the stable coexistence of co-occurring species across heterogeneous landscapes [20] . To allow the spatial storage effect to operate, three basic conditions need to be met [13] . First, environmental conditions must vary across space, such that different local habitats favour different species, resulting in variation in species fitness in different local habitats. Second, there must be sufficient niche difference to overcome the effect of fitness difference between competing species in local habitats. The contemporary theory of species coexistence classifies species' ecological differences into two categories-niche difference that facilitates species coexistence and fitness difference that favours competitive exclusion [13, 21] . Sufficient niche differentiation, which can result in intraspecific competition being stronger than interspecific competition, is, therefore, indispensable for stabilizing coexistence. As such, negative frequency-dependent selection occurs among species that prevent them from attaining complete dominance or becoming extinct. This negative frequency-dependent selection may favour newly established populations when they arrive in a new habitat in low abundance, translating into the secured persistence of these populations [20, 22] . Third, there must be mechanisms that buffer populations against extinction. Notable mechanisms include seed banks for annual plants [23] , long living, reproducing adults for perennial plants [24] , dormant life stages for animals [25] , and overlapping generations for microorganisms [8] . In the context of metacommunities, buffered population growth occurs when populations are heterogeneously distributed across local habitats and connected by dispersal [13, 22, 26] . Because environmental conditions often vary over space, the spatial storage effect could be potentially common [20] . The spatial storage effect may also operate across multiple generations, a timescale where evolution could occur to shape biodiversity. Nevertheless, unlike the related theory of the temporal storage effect, which focuses on environmental variation over time [24, 25, 27] , we know little about the role of the spatial storage effect in promoting biodiversity (but see Sears & Chesson [26] ), particularly over evolutionary timescales.
To understand the role of the spatial storage effect for adaptive radiation, we constructed laboratory bacterial metacommunities, each of which contained two local communities with the rapidly diversifying bacterium Pseudomonas fluorescens SBW25 [28] . The ancestral phenotype of P. fluorescens rapidly evolves into a group of niche specialist phenotypes in spatially structured static microcosms where various ecological opportunities are provided for diversification, but not in shaking microcosms, where the spatial structure for diversification is absent [28] . Shaking, however, promotes frequency-dependent selection among P. fluorescens phenotypes [8] . Taking advantage of this characteristic of P. fluorescens, we examined the role of the spatial storage effect for diversification by incubating the two local communities in each metacommunity under either the same (both shaking or static; without the potential for the spatial storage effect) or different (one shaking and the other static; with the potential for the spatial storage effect) conditions [8] , and by manipulating the presence/absence of dispersal between the two local communities. Our experiment thus focused on the spatial storage effect associated with spatial heterogeneity between local communities. Note that this experimental setting is different from the more traditional spatial storage scenario where different species are favoured in different local habitats. Nevertheless, we show that both static and shaking conditions are essential for the persistence of evolving diversity, in a similar manner as different habitats that favour different species are essential for species coexistence. We found that the spatial storage effect permitted the evolution of greater niche differences, but not fitness differences, among the evolved phenotypes, resulting in higher biodiversity than that in metacommunities without the spatial storage effect.
Material and methods (a) Model of adaptive radiation
Multiple phenotypes of the bacterium P. fluorescens SBW25 have been identified and genetically determined [28] [29] [30] . The ancestral smooth morph (SM) phenotype of P. fluorescens, colonizing the liquid phase in static aqueous microcosms, rapidly evolves into niche specialists, wrinkly spreaders (WS) and fuzzy spreaders (FS), which mostly use the air-broth interface, through adaptive radiation. Variations within the WS phenotype (small-, large-, wheel-, and SM-like-WS) have been further identified, and niche differences have been detected among these phenotypes (see the electronic supplementary material, figure S1 ). However, when incubated under shaking conditions, the SM phenotype evolves slowly, with few bacteria colonizing above the meniscus. Each phenotype/subtype of P. fluorescens forms colonies with distinguishable morphology on agar, such that we could quantify its population density using the agar plate count technique.
Two isogenic strains of P. fluorescens, the wild-type and lacZmarked [31] (hereafter W and L, respectively), were used in our experiment. The L strain carried a lacZ marker, forming colonies with a distinct blue colour on agar with 5-bromo-4-chloro-3-indolyl-b-D-galactopyranoside (X-gal); the L colonies also dyed the surrounding agar blue. The W strain, on the other hand, formed white coloured colonies on agar with X-gal. The competitive fitness of W and L was initially similar under both shaking (t ¼ 1.081, p ¼ 0.341) and static (t ¼ 1.313, p ¼ 0.260) conditions, as revealed by a short-term (1 day) mutual invasion experiment under the two conditions. As P. fluorescens reproduces asexually, we considered each phenotype analogous to a biological species and the same phenotype of W and L analogous to two separate species.
(b) Experimental protocols
The microcosms in our experiment were 25 ml loosely capped glass test tubes, each of which contained 6 ml King's medium B. When incubated under static conditions, the microcosms were placed on a test tube rack in an incubator at 288C; while incubated under shaking conditions, they were placed on a shaker set at 250 rpm and 288C.
We used a two-way factorial design manipulating the presence/absence of intercommunity (microcosm) spatial heterogeneity and dispersal in our experiment. In the treatments without intercommunity spatial heterogeneity, the two microcosms of a metacommunity were incubated under the same conditions (either shaking [shaking-shaking] or static [staticstatic]), while in the treatment with intercommunity spatial heterogeneity, two microcosms were incubated under different conditions (i.e. one under static and the other under shaking conditions; static-shaking). We note that spatial heterogeneity also existed within static microcosms, while our experiment focused on examining the role of the spatial storage effect associated with spatial heterogeneity among local communities within a metacommunity.
In each metacommunity, one microcosm was inoculated with an SM colony of W, and the other with that of L. In the static-shaking treatment, W was introduced into the static microcosms and L into the shaking ones. Because W and L were initially similar, the reverse treatment in which W was introduced into the shaking microcosms and L was introduced into the static ones (i.e. the shaking-static treatment) was not included. According to the colour of colonies on agar, we were able to identify the origins of the phenotypes (i.e. from W or L). We conducted 0.05% weekly dispersal between local communities. In the treatments without dispersal, the two local communities in a metacommunity were isolated from each other throughout the experiment. Each of the treatments in our experiment was replicated five times.
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Before the experiment, we plated W and L cultures on agar, randomly selected one SM colony for each strain and incubated the colonies in shaking microcosms overnight. At the beginning of the experiment, we introduced approximately 10 3 individuals of each strain into their designated microcosms and incubated them under static or shaking conditions for a week. Each week, we transferred 1% of culture from each microcosm into a new microcosm with fresh medium after vigorously vortexing the microcosm for one minute; this was followed by 3 ml (0.05%) of culture exchange between microcosms in the dispersal treatments. After the transfer, we destructively sampled the old microcosms to estimate the density of each P. fluorescens phenotype via agar plate counts. Based on the phenotypic abundance data, we generated a rarefaction curve for each microcosm and found that the phenotypic richness in all the microcosms saturated with our sampling effort (see the electronic supplementary material, figure S2 ). This experiment lasted three weeks. Dispersal did not occur when we sampled the microcosms in Week 1, and the results of Week 2 and 3 are qualitatively similar. Therefore, we report the data from Week 3 only.
(c) Examining the competition between the W and L strains
Our hypothesis for this study is that intercommunity spatial heterogeneity in the static-shaking metacommunities leads to the spatial storage effect for P. fluorescens, allowing the stable coexistence of P. fluorescens phenotypes, and thus, favouring a greater extent of diversification. This would be possible only when the spatial storage effect promotes the niche, not fitness, difference among P. fluorescens phenotypes, which would result in negative frequency-dependent selection between P. fluorescens strains. To test whether negative frequency-dependent selection was present, we performed a follow-up competition experiment between the W and L strains.
After the main experiment had ended, we isolated SM colonies of W and L from the treatment in which both microcosms were incubated under the shaking conditions without dispersal. These W and L SM colonies, therefore, experienced no competition from one another during the main experiment. We used these colonies to initiate a short-term mutual invasion experiment to estimate their niche and fitness differences under both the shaking and static conditions. To do so, we first pre-adapted W and L under both incubation conditions (W-static and W-shaking, and L-static and L-shaking) for 2 days (approx. 20 generations), and assembled communities with one W and one L strain pre-adapted under either the same or different conditions to each other (four combinations in total) with two different initial ratios (L : W, 1 : 100 [ ]). We also set up W and L monocultures with an initial density of approximately 10 3 CFU ml 21 to estimate their growth when alone. Ten microcosms were set up for each treatment. Five of the microcosms were incubated under static conditions, and the other five were incubated under shaking conditions for 2 days. After the 2-day incubation, we quantified the abundance and final ratios of L and W in each microcosm.
(d) Data analysis
We estimated the number of phenotypes in an individual microcosm as the local (a-) diversity. We differentiated the phenotypes based on the parent strain type (L versus W) and colony morphology (SM, FS, and four WS phenotypes). b-diversity among local communities within a metacommunity was calculated as the Euclidean distance in phenotypic abundance between the two local communities. The number of phenotypes in a metacommunity with two microcosms were estimated as the regional (g-) diversity. To test the effect of intercommunity spatial heterogeneity and dispersal on diversity, we performed generalized linear models (GLIM) with a-/g-diversity as the discrete dependent variable with Poisson distribution, and spatial heterogeneity (shaking-shaking, static-static, and static-shaking) and dispersal ( presence/absence) as class variables. x 2 goodness of fit tests showed that both a-( p ¼ 0.60) and g-diversity ( p ¼ 0.92) followed a Poisson distribution. ANOVA was performed to test the effects of intercommunity spatial heterogeneity and dispersal on b-diversity between the two local communities of a metacommunity. We also considered the situation where the same phenotype of the L and W strains was considered one phenotype (i.e. ecotype) and report the results in the electronic supplementary material.
In addition, we quantified the a-, b-, and g-diversity by considering a total of three (SM, FS, and WS) phenotypes, after lumping the four WS phenotypes into one phenotype (WS). We calculated a-and g-diversity using the Shannon's diversity index and b-diversity as the Euclidean distance in phenotypic abundance between the two local communities of a metacommunity. Results calculated this way were qualitatively similar to those based on all phenotypes, and thus, are presented in the electronic supplementary material.
Based on the initial and final frequency of the L and W strains in the competition experiment, we estimated the fitness of L relative to W as the ratio of Malthusian parameters [32] :
The fitness of L in the two different L : W combinations was compared via t-tests, where the treatments in which two strains were pre-adapted to the same and different conditions were considered separately. Based on the same competition experiment, we also calculated the niche and fitness differences [33, 34] of the L and W strains after adaptation. For each of the four L-W combinations, we calculated the abundance (S mono ) of each strain after grown alone in monocultures for 2 days and the abundance (S poly ) of the strain when introduced at low frequency in the presence of the other strain. We then calculated the competitive response (CR) of one strain to the other as:
The response of L and W to each other was recorded as CR1 and CR2, respectively. Large niche differences would result in small values of both CR1 and CR2, whereas large fitness differences would lead to large differences between CR1 and CR2. Therefore, niche and fitness differences were expressed as [33] :
ð2:4Þ
We performed t-tests to determine the differences in niche and fitness differences of L-W strains pre-adapted to the same and different conditions. All statistical analyses were performed in R [35] .
Results
As expected, a-diversity ( phenotypic richness) in the staticstatic treatment was higher than that in the shaking-shaking treatment, regardless of the presence/absence of dispersal ( figure 1a) . The static-shaking treatment promoted phenotypic rspb.royalsocietypublishing.org Proc. R. Soc. B 284: 20170841 richness beyond that in the static-static treatment when dispersal was present, but not when dispersal was absent (figure 1a; Tukey's honest significant difference (HSD), p , 0.05), resulting in a significant intercommunity spatial heterogeneity Â dispersal term in the GLIM (Wald x 2 ¼ 18.420, d.f. ¼ 2, p , 0.001; also see the electronic supplementary material, table S1). We present the abundance of phenotypes in each treatment in the electronic supplementary material, figure S3 . Note that FS became extinct in all metacommunities, except for those with intercommunity spatial heterogeneity, likely due to competition from WS.
Intercommunity spatial heterogeneity and dispersal showed interactive effects on b-diversity (figure 1b and the electronic supplementary material, table S1; two-way ANOVA: spatial heterogeneity Â dispersal, F 2,54 ¼ 1.376, p , 0.001). When dispersal was absent, b-diversity remained high in all the treatments. However, when dispersal was present, b-diversity in the static-shaking treatment was lower than that in all other treatments (figure 1b; Tukey's HSD, p , 0.05). This lower b-diversity, indicating higher similarity in phenotypic composition between two local communities in the static-shaking treatment, was driven by weaker priority effects (i.e. the initial colonizing strain dominating over the later one) in this treatment compared with the static-static and shaking-shaking treatments ( figure 2 and the electronic supplementary material, figure S3 ). Note that in the metacommunities with intercommunity spatial heterogeneity, L dominated in both static and shaking communities (figure 2f and the electronic supplementary material, figure S3f ), indicating that L developed greater fitness advantage over W during the experiment.
g-diversity was also interactively affected by intercommunity spatial heterogeneity and dispersal (figure 1c; Wald
When dispersal was absent, g-diversity was highest in the static-static metacommunities; when dispersal was present, g-diversity peaked in the static-shaking metacommunities (figure 1c). When we measured P. fluorescens diversification based on the richness of ecotypes (i.e. by considering the same W and L phenotype as one ecotype), we found qualitatively similar results for a-/g-ecotypic diversity, but not b-ecotypic-diversity (see the electronic supplementary material, table S1 and figure S4 for details).
When W and L were pre-adapted under different conditions to each other (static or shaking), the fitness of L relative to W was higher in the communities where L was initially rare, regardless of incubation conditions (figure 3a; t-test; static: t ¼ 7.307, p , 0.001; shaking: t ¼ 8.904, p , 0.001), indicating the presence of negative frequencydependency between W and L. In contrast, when W and L were pre-adapted under the same conditions, no frequencydependency was found between W and L (figure 3b; static: t ¼ 0.549, p ¼ 0.590; shaking: t ¼ 2.006, p ¼ 0.060). Note that when L and W were pre-adapted under the same conditions, the fitness of L was significantly greater than W, regardless of the initial L : W ratios (figure 3b; t-tests, p , 0.05), probably because the L individual we isolated to initiate the L population, by chance, had greater fitness than the W individual that initiated the W population.
W and L showed greater niche differences when pre-adapted to different conditions than to the same conditions, regardless of being incubated under static (t ¼ 4.857, p , 0.001) or shaking (t ¼ 3.242, p ¼ 0.004) conditions (figure 4a). In contrast, fitness difference was unaffected by previous adaptation history under both incubation conditions (figure 4b; static: t ¼ 0.860, p ¼ 0.401; shaking: t ¼ 1.409, p ¼ 0.176).
Discussion
Temporal and spatial storage effects have been recognized as important mechanisms that promote the coexistence of species [8, 13, 24, 36, 37] . Nevertheless, the majority of empirical evidence supporting this theory is from studies on the rspb.royalsocietypublishing.org Proc. R. Soc. B 284: 20170841 temporal storage effect, through which species coexist in temporally fluctuating environments. Studies on the spatial storage effect, which requires variation in environmental conditions across space for species to coexist, are rare. In the only empirical study of which we are aware, Sears & Chesson [26] performed a neighbourhood-scale plant removal experiment to investigate the coexistence mechanisms between two annual plant species in the Chihuahuan Desert. By showing the positive covariance between the response of dominant Erodium cicutarium to the environment and its response to competition, they demonstrated that the spatial storage effect facilitated the coexistence of E. cicutarium with Phacelia popeii. What remains unclear is how the spatial storage effect would affect species coexistence and biodiversity over the evolutionary timescale. In our experiment, we allowed two P. fluorescens strains to diversify through adaptive radiation and showed that local phenotypic richness of the rapidly evolving bacterium P. fluorescens peaked in the metacommunities with both dispersal and intercommunity spatial heterogeneity ( figure 1) . Furthermore, we showed that intercommunity spatial heterogeneity induced niche difference, but not fitness difference, between P. fluorescens phenotypes (figure 4), resulting in the negative frequency-dependent selection ( figure 3) ; a required condition for the storage effect to operate. Intercommunity spatial heterogeneity and dispersal together triggered the strong storage effect that promoted coexistence of the phenotypes (figures 1 and 2) . The modern theory of species coexistence postulates that stable species coexistence can be mediated by either the stabilizing mechanism, which requires sufficiently large niche differentiation, or the equalizing mechanism, which requires similar competitive fitness of co-occurring species. Species can coexist stably because the effect of niche difference overcomes that of fitness difference [13, 21] . Our results show that a large niche difference between the two isogenic P. fluorescens strains evolved in the metacommunities with intercommunity spatial heterogeneity (figure 4a), translating into strong negative frequency-dependent selection (figure 3a), and thus, the storage effect in these metacommunities. In contrast, a low level of niche differentiation was observed in metacommunities without intercommunity spatial heterogeneity (figure 4a), resulting in no frequencydependency between the two P. fluorescens strains (figure 3b). The presence of greater niche difference in the metacommunities with intercommunity spatial heterogeneity was also reflected by the weaker priority effects observed in those metacommunities, with ensuing consequences on the abundance and diversification of P. fluorescens populations (figure 2 and the electronic supplementary material, figure  S3 ). In the communities under shaking conditions, both P. fluorescens strains accumulated their population size, while the niche differences between the two strains facilitated their persistence. In the communities under static conditions, on the other hand, the niche difference between the L and W strains, along with the niche differences among the phenotypes within each strain (see the electronic supplementary material, figure S1 ), allowed many phenotypes of both strains to coexist. The spatial storage effect, involving species migrating between both static and shaking conditions, was therefore essential for the maintenance of emerged phenotypic diversity. Note that the spatial storage effect, however, did not alter the fitness differences between the two P. fluorescens strains in our experiment (figure 4b). A logical question to ask here is how the niche difference among P. fluorescens strains evolved in the metacommunities with intercommunity spatial heterogeneity. A possible source of niche difference is the local adaptation of P. fluorescens to different environmental conditions. Static conditions created the critical physical structure (i.e. a stable air-broth interface and oxygen gradient) for diversification in the microcosms, *** ** Figure 4 . The niche (a) and fitness (b) differences of the lacZ-marked (L) and the wild-type (W) strain. The niche and fitness differences were quantified when L and W were either pre-adapted to different conditions (the black bars) or to the same conditions (the white bars). t-tests were performed to explore the difference in niche and fitness differences of L-W strains, which were pre-adapted to different or the same conditions. Asterisks indicate significant difference (***p , 0.001; **p , 0.01; *p , 0.05; NS, non-significant, p ! 0.05).
rspb.royalsocietypublishing.org Proc. R. Soc. B 284: 20170841 whereas shaking conditions mixed the culture and supplied it with more oxygen. These drastic differences in the environmental conditions may have led to changes in the way of using niches by the two competing strains, leading to negative frequency dependence. Note that local adaptation has previously been thought to promote priority effects of the early colonizing species over later colonizers (i.e. the local monopolization hypothesis [38, 39] ). The local monopolization hypothesis, however, focuses on the increased fitness advantage (i.e. greater fitness difference) of adapted species over the late colonizers. In our experiment, however, it is obvious that local adaptation did not lead to higher fitness difference, whose effect was overwhelmed by the effect of niche difference in the metacommunities with spatial niches. We have shown that dispersal promoted phenotypic diversity in the presence of the spatial storage effect. As a related mechanism, source-sink dynamics [40] may also result in higher biodiversity in heterogeneous metacommunities in which species dispersal links local communities. These two mechanisms, however, differ in two aspects. First, source-sink dynamics do not require frequencydependency between competing species, whereas the spatial storage effect operates only when negative frequency-dependency among competing species stabilizes their coexistence. Second, source-sink dynamics require a sufficiently high immigration rate of species that overcomes local extinction, making dispersal the paramount mechanism for the coexistence of species in local habitats; in the spatial storage effect, the role of dispersal is to permit spatial storage to operate by allowing species to spread across local habitats. Note that in our experiment, source-sink dynamics may explain the co-occurrence of the W and L strains in the metacommunities without intercommunity spatial heterogeneity where dispersal allowed both strains to colonize the local communities that had been previously colonized by other phenotypes ( figure 2b,d) . Nevertheless, without niche differentiation between these two strains, the earlier colonizing phenotypes exerted strong priority effects on the later ones, which resulted in low a-but high b-diversity observed in these metacommunities. In contrast, in the metacommunities with spatial storage, negative frequency-dependent selection operated and reduced the strength of priority effects between W and L strains. As a result, we observed high a-and low b-diversity in the metacommunities with intercommunity spatial heterogeneity. We note that source-sink dynamics may have also operated in metacommunities with intercommunity spatial heterogeneity, but their effect may have been overwhelmed by the effect of the spatial storage effect. Examining the relative importance of the spatial storage effect and source-sink dynamics for species coexistence in spatially heterogeneous landscapes is an interesting topic for future research.
Spatial heterogeneity of environmental conditions is a common feature of many of the Earth's ecosystems, making the spatial storage effect a potentially important mechanism for species coexistence [13] . In the Pseudomonas fluorescens SBW25 system, spatial heterogeneity within static microcosms has been known to drive diversification [28] . In the context of the spatial storage effect, our experiment simulates a common situation where a heterogeneous landscape comprises multiple local habitats differing in their habitat diversity [41 -43] , with the static communities containing niche spaces for all the phenotypes and the shaking ones for the smooth morph only. One may expect that the highest local phenotypic richness (a-diversity) should be observed in the metacommunity with all its local communities under the static conditions that favour adaptive radiation. This is the case in our experiment only when dispersal was absent. When there was dispersal connecting the local communities, however, the highest local phenotypic richness was observed in the static-shaking treatment, not in the static-static treatment (figure 1a). The spatial storage effect promoted local adaption of bacterial phenotypes to different environmental conditions, resulting in substantial niche differences between them. Such niche differences result in negative frequencydependent selection that stabilizes the coexistence among the evolved phenotypes within local habitats. These results together demonstrate the significant role of the spatial storage effect in the maintenance of biodiversity during adaptive radiation.
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